SUMMARY 26 We applied single-cell RNA sequencing to profile genome-wide gene expression in about 27 9,400 individual cerebellar cells from the mouse embryo at embryonic day 13.5. Reiterative 28 clustering identified the major cerebellar cell types and subpopulations of different lineages. 29
Through pseudotemporal ordering to reconstruct developmental trajectories, we identified novel 30 transcriptional programs controlling cell fate specification of populations arising from the 31 ventricular zone and the anterior rhombic lip, two distinct germinal zones of the embryonic 32 cerebellum. Together, our data revealed cell-specific markers for studying the cerebellum, 33 important specification decisions, and a number of previously unknown subpopulations that may 34 play an integral role in the formation and function of the cerebellum. Importantly, we identified a 35 potential mechanism of vermis formation, which is affected by multiple congenital cerebellar 36 defects. Our findings will facilitate new discovery by providing insights into the molecular and 37 cell type diversity in the developing cerebellum. 38 39 INTRODUCTION 40
The cerebellum plays an important role in cognitive processing and sensory 41 discrimination, in addition to its better-known function in motor coordination (Ito, 2008) . clear. Currently, we lack cell-specific markers for populations during early neurogenesis. This 62 missing information is crucial for understanding the molecular mechanisms underlying cell fate 63 specification of early cerebellar development. 64
In this study, we seek to define the molecular features and developmental trajectories of 65 different cerebellar cell types during early neurogenesis of the developing cerebellum. Using 66 single-cell RNA sequencing (scRNAseq), we identify at least 19 distinct populations of neural 67 and non-neural cells from the mouse cerebellum at embryonic day (E) 13.5. We determine 68 specific markers that can be used to identify these cell groups and to infer their developmental 69 trajectories. We uncover a novel signaling center that may play an important role in the formation 70 Monocle decomposed the cells into a two-phase trajectory, with one branch corresponding to 142
Bergmann glia-like cells and the other corresponding to GABAergic precursors (Fig. 3A,B ), in 143 agreement with in vivo development (Sudarov et al., 2011) . To examine genes with significant 144 branch-dependent expression, we performed branch expression analysis modeling (Qiu et al., 145 2017a), and identified 1,314 genes that were significantly different between these two 146 trajectories (FDR < 1%). As expected, genes whose transcription increased along these two 147 branches were enriched for gliogenesis and neuronal differentiation, respectively ( The C1 cells identified by scRNAseq contained a mixture of cells with molecular features 161 of the subpial stream (eg. Atoh1 and Barhl1) and roof plate (Lmx1a and Wnt1). As we could not 162 reliably partition this cell group, we attempted to use pseudotemporal analysis to examine their 163 developmental trajectories. We applied Monocle to the C1 cells including NPCs before the 164 branch point 1 (Fig. 3A) . This resulted in a trajectory tree with two major branches ( Fig. 3C ). 165
Branch expression analysis modeling identified 45 genes with significant branch-dependent 166 expression (FDR < 1%, Fig. 3figure supplement 2C) . Notably, cells before the branch 167 expressed genes that were detected in the cerebellar VZ, whereas cells along the branches 168 expressed genes that were present in the subpial stream and the roof plate, respectively ( Fig.  169 3D,E). Our data suggest that the C1 domain represents a dynamic germinal zone that arises from 170 the VZ and contains bipotent progenitors for the anterior RL and roof plate. 171 172
Molecular feature of different GABAergic neuron subtypes in the cerebellum 173
GABAergic neurons, including PCs and interneurons, are born between E10.5 and E13.5 174 in mice (Leto et al., 2016) . Refined clustering of the presumptive GABAergic lineage cells 175 (cluster 13-19 in Fig. 1A ) revealed nine cell groups (Fig. 4A,B ). We tentatively assigned these 176 cell groups as GABAergic precursors (1-2), premature GABAergic neurons (3), interneurons (4), 177 and PC subgroups (5-9). Groups 1 and 2 express Kirrel2, a marker of committed GABAergic 178 precursors (Mizuhara et al., 2010). Notably, these two cell groups display different combinatory 179 expression of Ptf1a and proneural genes Ascl1, Neurog1, and Neurog2 (Fig. 4B ), reflecting the 180 differential expression of these genes in the cerebellar VZ ( Although interneurons and PCs express some common markers, such as Foxp2 and Gad2, the 182 former specifically express Pax2, Gad1, Pnoc, and Glra2, whereas the latter express Tle1 and 183 Islr2 (Fig. 4B ). The five newly identified PC subgroups are distinguished by the strong 184 expression of Etv1, Nrgn, En1, Cck, and Foxp1, respectively ( Fig. 4B,D) . Based on the average 185 gene expression, many previously known markers that define PC clusters before birth (Fujita et 186 al., 2012; Larouche et al., 2006; Millen et al., 1995) are differentially expressed among the newly 187 identified PC subgroups ( Fig. 4D ). Notably, these PC subgroups exhibit variable levels of Foxp2, 188 and only one expresses both Foxp1 and Foxp2 (Fig. 4D ). The Foxp1-positive (Foxp1 + ) PCs 189 robustly express RELN receptor genes, Vldlr, Lrp8, and obligatory adaptor Dab1 (Fig. 4D ). This 190 suggests that the Foxp1 + PC subgroup is sensitive to RELN signaling, which controls PC restricted to the lateral-most region of the cerebellar hemisphere, with most in crus II of the 196 ansiform lobule (Fig. 4Ha, Hc) . In the anterior-most region, Foxp1 + /Foxp2 + PCs are present in all 197 lobules of the cerebellar hemisphere, except for the copula pyramidis ( Fig. 4Hb ). Our data 198 suggest that multiple PC subtypes are specified shortly after PCs are born, and the acquired 199 molecular features dictate the settlement of PC subtypes in the cerebellar cortex. From the NTZ, neurons subsequently descend deep inside the cerebellum to form fastigial, 206 interposed, and dentate nuclei (Elsen et al., 2012) . After E12.5, the subsequent wave of RL-207 derived cells become granule cell precursors, which are highly proliferative and form the 208 external granule layer covering the surface of the developing cerebellum (Machold and Fishell, 209 2005) . To examine the diversity of RL-derived neurons, we reiterated clustering of presumptive 210 glutamatergic cell lineage (clusters 4, 10-12), including C1 cells (cluster 6) that express many 211 RL-related markers (e.g. Atoh1 and Pax6), and identified 10 cell groups (Fig. 5A ). According to 212 the Allen Developing Mouse Brain Atlas (Thompson et al., 2014), these cell groups are related to 213 spatially distinct domains in the E13.5 cerebellum, except for two cell groups (2 and 3) that 214 represent proliferating granule cell precursors in the S-, and M-phase of the cell cycle ( Fig. 5A -215 C). Cell groups 4-10 are mapped to the anterior part of the cerebellar anlage, including the NTZ. 216
A small Isl1+ cell group in the anterior part of the cerebellar anlage appears contiguous with 217 Isl1 + cells in the subpial region of the mesencephalon (Fig. 5C ). A subset of Isl1 + cells (group 4) 218 express Dlk1 and Tlx3 in the anterior part of the cerebellar anlage, whereas the others (group 9) 219 are positive for Sncg extending to a position ventral to the NTZ (Fig. 5C ). The NTZ can be 220 divided into anterior and posterior compartments, which express Lhx9 and Neurod1, respectively 221 ( Fig. 5C ). A discrete cell population transcribes Atoh1 and Th in the anterior limit of the NTZ 222 ( Fig. 5C ). The posterior NTZ compartment can be further divided into a ventral-lateral domain 223 positive for Olig2, and a dorsal-medial domain positive for Lmx1a and Tbr1 (Fig. 5C ). 224 Therefore, our scRNAseq has revealed highly heterogenous cell populations in the anterior part 225 of the cerebellar anlage at E13.5 ( Fig. 5D ). 226 227
Complex developmental origins of the cell groups in the anterior cerebellar anlage 228
Next, we attempted to define the origin of the cell groups identified by scRNAseq in the 229 anterior cerebellar anlage. To this end, we performed inducible genetic fate mapping using 230 allow identification of cells from the entire cerebellum VZ including the RL (Gbx2-expressing 242 cells at E8.5), from the anterior VZ but not from the RL (Gbx2-expressing cells at E10.5), or 243 from the isthmus (Fgf8-expressing cells at E10.5). 244
We found that most Isl1 + cells were negative for RFP + cells in E13.5 Gbx2 creER/+ ; 245 R26 RFP/+ that received tamoxifen at E8.5, or Fgf8 creER/+ ; R26 RFP/+ embryos that received 246 tamoxifen at E10.5 ( Fig. 6A ,B,E,F). Moreover, many Isl1 + cells, particularly those close to the 247 mid-hindbrain border, were positive for Otx2 ( Fig. 6B ), whose transcription is restricted to the 248 mesencephalon (Millet et al., 1996) . We thus conclude that the Isl1 + cells originate from the 249 mesencephalon to enter the cerebellum carrying residual of Otx2 proteins. To determine the fate 250 of the mesencephalon-derived Isl1 + cells, we performed inducible genetic fate mapping using an 251 Isl1 creER mouse line (Laugwitz et al., 2005) . We found that the descendants of Isl1-expressing 252 cells labeled at E12.5 persisted in the superior medullary velum in Isl1 creER/+ ; R26 RFP/+ embryos 253 at E16.5 ( Fig. 6G,G' ). The fate-mapped cells did not contribute to the cerebellar nuclei, which 254 were labeled by Meis2 or Lmx1a ( Fig. 6H and data not shown). 255
Remarkably, the descendants of Gbx2-expressing cells labeled at E10.5 occupied the 256 anterior part of the NTZ, where cells strongly expressed Meis2 (Fig. 6C,D) . By contrast, the 257 posterior part of the NTZ was mostly devoid of RFP + cells and contained cells with weak Meis2 258 expression ( Fig. 6D and inset) . Furthermore, RFP-labeled Fgf8 descendants were positive for Th, 259 confirming that the Th + cell groups identified by scRNAseq represent neurons of isthmic nuclei 260 ( Fig. 6F ). Collectively, our data suggest that cells in the anterior and posterior compartments of 261 the NTZ at E13.5 are differentially derived from the VZ and RL, respectively. 262 263
Expression dynamics in the RL lineage 264
It has been shown that Lmx1a and Olig2 are differentially expressed in the medial 265 (fastigial nuclei) and lateral (interposed and dentate nuclei) cerebellar nuclei ( 
The C1 domain represents a dynamic germinal zone with bipotent progenitors that contribute 327 to the anterior rhombic lip and the roof plate 328
Although the cell fate of the RL lineage has been well characterized, the exact definition 329 of the RL is less clear. Early histological studies define the RL as the "germinal trigone"the 330 term refers to the fact that this germinal matrix has three prongs, the cerebellar neuroepithelium, 331 the external granular layer, and the choroid plexus, which is the derivative of the roof plate 332 Zervas, 2012). This suggests that the lineage separation among the cerebellar VZ, RL and roof 340 plate is not absolute. In the current study, our scRNAseq analyses have identified an inseparable 341 cell cluster that exhibit mixed features of VZ, RL, and RP cells. Although we provisionally refer 342 to those as C1 cells, they actually occupy a broad area encompassing C1, the posterior end of the 343 VZ, and the roof plate. Pseudotemporal analysis suggests that these C1 cells, together with NPCs 344 of the VZ, form two trajectories destined for cerebellar glutamatergic neurons and choroid 345 plexus, respectively. Therefore, we propose to redefine C1 as a dynamic germinal zone that is 346 induced at the junction between the cerebellar VZ and the roof plate. This germinal zone 347 contains bipotent progenitors for cerebellar glutamatergic neurons and choroid plexus. 348 Importantly, we show that C1 cells express numerous genes that are in the Wnt/ß-catenin 349 signaling pathway, including Wnt ligands, Wnt1, Wnt3a, and Wnt9a. This suggests that the C1 350 domain functions as a local signaling center to regulate the cerebellar development. the anterior compartment of the NTZ are mostly derived from the VZ and they robustly express 393 Meis2 (Fig. 6C,D) . In the absence of Ptpn11, which encodes a protein tyrosine phosphatase that 394 is essential for Fgf-ERK signaling, the anterior compartment of the NTZ was specifically lost; 395 both medial and lateral cerebellar nuclei were present in Ptpn11-deficient cerebella at the later 396 stages (unpublished observations by Guo et al). This supports the idea that Fgf signaling is 397 essential for Atoh1 expression at the isthmus but dispensable in RL derivatives (Green et al., 398 2014) . Collectively, our data suggest that the Atoh1-expressing cells at the isthmus are derived 399 from the cerebellar VZ. 400
We have previously shown that the mesencephalon contributes cells to the cerebellum 401 Monocle 2 (version 2.4.0) was used to infer the pseudotemporal ordering of NPCs (clusters 496 3, 5, 6, and 8 in Fig. 1A ). We assumed that the raw UMI counts were distributed according to 497 negative binomial, and we estimated size factors and dispersion using the default functions. 498
Dimensionality reduction was carried out using the default DDRTree method. The Monocle 499 differentialGeneTest or BEAM functions were used to identify genes differentially expressed 500 along pseudotime or particular branches. Branched heatmaps were constructed using genes with 501 q < 0.05 from the BEAM. The ward.D2 clustering method was applied on the correlation matrix 502 for the transformed data between all the genes. To obtain the enriched biological process gene 503 ontology term, we performed the hypergeometric test on the corresponding Gene Matrix The URD R package (version 1.0) was used to reconstruct the trajectories of presumptive 508 RL derivatives (clusters 1-5,7,8 in Fig 5A) . As described previously (Farrell et al., 2018) , we 509 worked backward from the tip cells (cluster 5,7,8) along the population's trajectory with cluster 1 510 as root cells. Genes were considered differentially expressed if they were expressed in at least 511 10% (frac.must.express = 0.1) of cells in the trajectory segment under consideration, their mean 512 expression was upregulated 1.5x (log.effect.size = 0.4) compared to the siblings and the gene 513 was 1.25x (auc.factor = 1.25) better than a random classifier for the population as determined by 514 the area under a precision-recall curve. Genes were considered part of a population's cascade if, 515 at any given branchpoint, they were considered differential against at least 60% 516 (must.beat.sibs=0.6) of their siblings, and they were not differentially upregulated in a different 517 trajectory downstream of the branchpoint (i.e. upregulated in a shared segment, but really a 518 better marker of a different population). 519 520
In situ hybridization and immunohistochemistry 521
Standard protocols were used for X-gal histochemistry, immunofluorescence, and in situ 522 antibodies used in the study are listed in Supplementary file 2. To generate riboprobe templates, 525 cDNA of E13.5 mouse brain was used to PCR amplify the 3' end of the target gene, ranging 526 between 500-700 bp with the T7 RNA polymerase recognition site incorporated into the product. 527
Standard in vitro transcription methods using T7 polymerase (Promega, Madison, WI) and 528 digoxigenin-UTP RNA labeling mix (Roche) were used to produce antisense riboprobes. 529
For EdU pulse-chase labeling, EdU (0.5 mg/ml in PBS) was injected intraperitoneally 530 into pregnant female mice at 10 μg/g body weight, and embryos were dissected 24 hours later. 531
EdU labeling was detected with the Click-iT EdU Imaging Kit (Invitrogen, Carlsbad, CA, USA). 532 533 534 535 20 536 ACKNOWLEDGEMENTS 537
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